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1

Discovery

In 2005, Warren and Marshall were awarded the 

Nobel Prize for Medicine and Physiology for a 

discovery made by Warren over 25 years ago. Warren, 

a histopathologist, noted an association between a 

helical-shaped organism in the stomach of humans 

and gastritis. Several investigators had seen similar 

organisms over the preceding decades in a variety 

of animals, including humans. However, they were 

considered to be commensals by most who noticed them 

and were therefore ignored. However, because of the 

very close association between presence of the organism 

and presence of inflammation in the stomach, Warren 

thought there might be a causal relationship. Warren and 

Marshall studied 100 patients and found the organism 

to be present in every patient who had a duodenal 

ulcer and suggested it might also be related to peptic 

ulceration as well as gastritis. Warren and Marshall’s 

perseverance paid off and, in 1984, they informed the 

scientific community. Few people believed them: in 

order to satisfy Koch’s Postulates, Marshall and, at a later 

date, Morris self-administered a culture of the isolated 

organism. They developed dyspeptic symptoms and on 

endoscopy had gastritis. They successfully eradicated 

the organism by taking bismuth and antibiotics. Slowly, 

evidence accumulated from a number of sources as to 

the causal relationship between Helicobacter pylori (as it 

is now called) and serious gastroduodenal and possibly 

extra-gastrointestinal disease.

Helicobacter pylori was initially called a Campylobacter-
like organism (CLO), then for a short time Campylobacter 
pyloridis and Campylobacter pylori. A new genus, 

Helicobacter, was proposed in 1989 (with Helicobacter 
pylori as the type species) based on a number of 

differences between the newly isolated bacterium and 

the genus Campylobacter (Table 1.1). Major differences 

in the fatty acid profile also exist between Campylobacter 
and Helicobacter. The former is characterized by the 

presence of 3-hydroxyltetradecanoic acid (14:0), 

hexadecanoic acid (16:0), octadecanoic acid (18:1) and 

C19 cyc (cyclopropane); the latter by tetradecanoic 

acid (14:0), hydroxyhexadecanoic acid (3-OH 16:0), 

hydroxyoctadecanoic acid (3-OH 18:0) and C19 

cyc (cyclopropane). The lipopolysaccharide (LPS) 

is relatively under-phosphorylated compared with 

other Gram-negative bacteria and comprises steric, 

b-hydroxysteric and b-hydroxy palmitic acids. It is much 

less effective as an endotoxin. The genomes of Helicobacter 
and Campylobacter are approximately the same size but 

the former has a cytotoxin-associated gene A (cagA) 

pathogenicity island (PAI) and codes for a vacuolating 

cytotoxin. Helicobacter has a type IV secretion apparatus 

while Campylobacter uses an ancestral type III secretion 

apparatus—the flagellum. Both genera are oxidase 

positive but Helicobacter pylori is urease positive while 

Campylobacter spp. are urease negative. Some species of 

both genera are thermo-tolerant and can grow at 42°C.

Helicobacter structure

Helicobacter pylori (1.1) has the typical structure of a 

Gram-negative bacterium consisting of a cytoplasmic 

membrane (CM; see 1.2), a layer of peptidoglycan (PG; 

see 1.3) and an outer hydrophobic LPS layer (1.4). A 

Discovery, metabolism, 
genome and taxonomy

Chapter 1
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Discovery, metabolism, genome and taxonomy2

typical Gram-negative cell wall consists of the inner 

layer of phospholipid known as the CM, containing 

proteins necessary for respiration and permeability and 

covered by a PG layer. On the external surface of the PG 

layer is a second hydrophobic phospholipid membrane, 

the LPS (or endotoxin). On electron microscopy, a 

Gram-negative cell wall has a tri-laminar appearance 

with a periplasmic space between the CM-PG and 

the PG-LPS. This space contains enzymes required 

for cell wall synthesis—transpeptidases (proteins that 

bind b-lactam antibiotics called penicillin-binding 

proteins), which are the target for inhibition by b-lactam 

antibiotics.

Peptidoglycan is a heteropolymer of N-acetyl 

glucosamine (GlcNAc) and N-acetyl muramic acid 

(MurNAc) in which adjacent glycan chains are cross-

linked by peptides. The amino acid composition of 

these peptides varies between bacteria. The amino 

acids in H. pylori are meso-diaminopimelic acid, alanine 

and glutamic acid. The short peptide chain attached to 

the glycan units consist of alternating D - and L - amino 

Table 1.1 Main microbiological characteristics of Helicobacter pylori compared with Campylobacter jejuni

Characteristic H. pylori J99 C. jejuni RM1221

Genome size (bp) 1.64 Mbp 1.77 Mbp

GC ratio (%) 38.87 30.30

Open reading frame 1637 1654

Type III or IV secretion Present IV Absent system

cagA/vacA homologues Present Absent

Flagella Multiple polar Single polar

Oxidase Positive Positive

Rapid urease Positive Negative

1.1 Gram stain of H. pylori showing predominant curved 

bacilli. H. pylori is a non-spore forming, motile Gram-negative 

bacterium with a helical shape measuring 2.5–4.5 ¥ 0.5–

1.0 mm. It has four to eight unipolar sheathed flagella. In 

addition to the helical shape, curved forms occur and 

the bacillus also converts to a coccoid morphology when 

under environmental stress. The role of this coccoid form in 

infection or persistence is uncertain.

Cytoplasmic membrane

Enzymes involved in
cell wall synthesis

Protein complex
involved in respiration

Proteins involved 
in transport

1.2 Diagram of a typical bacterial cytoplasmic membrane (CM). 

The CM of a bacterium contains all the proteins necessary 

for respiration, because prokaryotic cells do not have 

mitochondria. In addition, as the lipid bilayer is hydrophobic, 

protein channels are required to allow access of water-soluble 

molecules. Generally, the bacterial CM does not contain sterols.
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Discovery, metabolism, genome and taxonomy 3

acids, including variously alanine, glutamic acid, 

diaminopimelic acid, lysine or ornithine. The terminal 

two amino acids on this peptide are usually alanine. The 

cross-links can be direct, or with a short peptide chain. 

The various arrangements of how the cross-links are 

formed lead to a classification of cell wall peptidoglycans 

and Helicobacter pylori falls into the A1 subgroup with 

direct cross-linking from the third position, where 

meso-diaminopimelic acid is located. The cross-linking 

of the PG layer provides shape and structure to the 

micro-organism. PG is a substance not encountered 

in eukaryotic cells and can be recognized by the host 
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R  =  respiratory protein complex
OM  = outer membrane
PG  = peptidoglycan
CM  = cytoplasmic membrane
PPS = periplasmic space

PL  = phospholipid
LP  = lipoprotein
LPS  = lipopolysaccharide
OMP  = outer membrane proteins
P = porin (transport protein)

1.3 Diagram showing the structure of peptidoglycan. Ac = acetate; Ala = alanine; Dpm = meso-diaminopimelic acid 

(2,6-diaminoheptanedioic acid); Glu = glutamic acid; GlcNAc = N-acetyl glucosamine; MurNAc = N-acetyl muramic acid.

1.4 Structure of a typical Gram-negative cell wall such as Helicobacter pylori. 
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Discovery, metabolism, genome and taxonomy4

innate immune system as foreign, thus initiating the 

host response. These and similar microbial molecules 

are called pathogen-associated molecular patterns. PG 

is found in nearly all cell walls and is most abundant 

in Gram-positive cell walls. Helicobacter pylori is Gram-

negative and thus has an outer hydrophobic membrane 

containing LPS.

LPS, also known as the ‘O’ antigen or endotoxin, is 

composed of three areas: the inner lipid A component; 

an intermediate, so-called core component; and an 

outer variable region. Lipid A is a relatively conserved 

structure between different bacteria but variation 

occurs in the type and chain length of the fatty acid 

attached to the carbohydrate moeity and the degree 

of phosphorylation and acylation. Lipid A is the most 

active component of the endotoxin but this activity is 

modified by the type of carbohydrate backbone and 

degree of substitution. In Helicobacter pylori, lipid A is 

sparsely phosphorylated compared with Escherichia coli 
and has much less endotoxin activity. The core is fairly 

stable in composition across all Gram-negative bacteria, 

consisting of a small number of sugars, including 

3-deoxy-D -manno-octulosonic acid, galactose and 

heptose. In Helicobacter pylori, an unusual D -glycero-D -

manno-heptose is found in the core region compared 

with the more usual L - and D -heptose.

The outer variable region consists of a larger 

number of different monosaccharides, with different 

substituents arranged in various ways, all giving rise to 

the high degree of antigenic variability in this region. 

The sugars include hexoses, deoxyhexoses, pentoses 

and uronic acids. In Helicobacter pylori, the variable 

region contains N-acetylglucosamine substituted with 

fucose residues and carrying Lewis x (Lex) and Lewis y 

(Ley) blood group epitopes. The LPS is phosphorylated 

to different degrees in different bacteria. LPS is an 

important pathogen-associated molecular pattern and 

in some bacteria activates many host functions such 

as coagulation, complement, cytokine production, 

etc. leading to endotoxic (septic) shock. In Helicobacter 
pylori, LPS is a poor endotoxin, which may also in part 

contribute to the chronicity of infection. In addition, 

strains of Helicobacter pylori express an immunodominant 

epitope and a weakly antigenic epitope in the LPS, 

which is distinct from the expression of Lewis antigens. 

Avoidance of binding by surfactant protein D, part 

of the innate immune system in the stomach, occurs 

through phase variation of the LPS. The increased 

relative amounts of fucose compared with glucose/

galactose on the LPS is brought about by slipped-strand 

mispairing of a fucosyltransferase in wild type bacteria 

leading to fewer fucose residues, more glucose/galactose 

residues and greater binding to surfactant protein D. 

The structure of the LPS is shown in 1.5 and contains 

Lewis antigens related to human blood group antigens.

Lewis antigens (1.6), resembling human blood group 

antigens, are expressed on the LPS of Helicobacter pylori. 
In vitro, they are expressed during logarithmic phase 

growth and shed into the media during stationary phase 

growth. Expression is subject to phase variation due 

to slipped-strand mispairing within a homopolymeric 

(PolyC) strand in the a-1,3-fucosyltransferase. These 

O-antigen
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1.5 Typical structure of LPS.
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Discovery, metabolism, genome and taxonomy 5

structures mimic host cell structures and this may 

account in part for the chronicity of infection. Expression 

of Lewis antigens by Helicobacter pylori is not only phase 

variable and dependent upon growth dynamics but 

is also strain dependent with some strains expressing 

Lewis antigen a (Lea) or Lewis antigen b (Leb) and 

many strains expressing Lex/Ley. The principal adhesin 

for Helicobacter pylori is Leb, which is found on the 

surface of gastric epithelial cells and the cognate ligand 

is BabA2 expressed on the surface of Helicobacter pylori. 
If the stomach is inflamed then sialyl-Lex is expressed on 

gastric cells, to which Helicobacter pylori can also bind.

The organism is helical in shape, which is likely to be an 

adaptation, aiding its penetration through viscid mucus. 

Under metabolic stress, such as nutrient limitation or in 

the presence of antibiotics, Helicobacter pylori undergoes 

a morphological change to a coccoid form, passing 

through a U-shaped form, which appears to be enclosed 

in a membranous structure. During transition from 

the helical to the coccoid form, the cell wall undergoes 

significant changes in composition. There is a reduction 

in percentage of the classical peptidoglycan unit (see 
1.3) and an increase in GlcNAc-MurNAc-L-Ala-D-Glu 

(GM-dipeptide), with an increase in anhydro-PG dimers 

(GlcNAc-anhydroMurNAc-L-Ala-D-Glu-Dpm-D-Ala 

and GlcNAc-MurNAc-L-Ala-D-Glu-Dpm-D-Ala-D-Ala 

moieties). Mutants of a putative MurNAc-L-Ala-amidase, 

amiA, do not accumulate the GM-dipeptide, suggesting it 

may have some role in this morphological transformation. 

Additionally, there is a marked change in the lipid 

profile of the coccoid form compared with the bacillary 

form, with levels of cholesteryl-6-O-tetradecanoyl-

a-D-glucopyranoside, cholesteryl-6-O-phosphatidyl-

a-D-glucopyranoside and cardiolipin increasing, 

Lewisa

Lewisx Lewisy
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β4

β3

GlcNAcα4Fucose
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GlcNAcα3

O
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GlcNAcα3

O
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GlcNAcα4Fucose

α2Fucose Galactose

O
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Sialyl Lewisx

β4
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α3MurNAc Galactose

O

1.6 Structure of the Lewis antigens.
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Discovery, metabolism, genome and taxonomy6

while cholesteryl-a-D-glucopyranoside, phosphatidyl 

ethanolamine and phosphatidyl glycerol levels decrease. 

During this transformation (1.7), there is also a decrease 

in the 94 kDa and 30 kDa antigen components present in 

the bacillary form, as shown by Western blot. There is 

a progressive reduction in the nucleic acid content, with 

evidence of DNA cleavage after prolonged incubation (as 

shown by DNA A and B), and a progressive reduction 

of DNA, RNA and cellular adenosine triphosphate 

(ATP) over a period of 7 days. The DNA and RNA 

decrease from 2.5 genome equivalents/cell (DNA) and 

6 mg/5 ¥ 108 cells (RNA) to 0.23 genome equivalents/cell  

and 1.8 mg/ 5 ¥ 108 cells at day 7. There is also a decrease 

in the synthesis of new proteins as illustrated by labelling 

with 35S-methionine. In parallel with these changes, 

the percentage of coccoid forms increases from 0% 

to 100% and the total viable count decreases to 0%. 

Under anaerobic conditions, polyphosphate can still be 

detected at day 7, as can the global sigma factor RpoD. 

The coccoid form retains metabolic activity as shown 

by its ability to reduce tetrazolium salts and is viable as 

shown by Live/Dead staining. This activity is greatly 

prolonged at 4°C compared with 37°C. This suggests 

limited but decreasing viability despite the coccoid 

form being non-culturable. However, when introduced 

in vivo into mice, the coccoid form may revert to the 

helical form. These coccoid forms have been detected 

in naturally acquired infection in humans and occur in 

the majority of infections where they can be detected by 

staining with anti-Helicobacter antibodies. Coccoid forms 

appear to bind less well to gastric tissue and to induce 

less interleukin (IL)-8 compared with the bacillary form. 

Sensing of PG in gastric epithelial cells is dependent on 

NOD1 (see p.79) and the accumulation of GM-dipeptide, 

which is detected by NOD2, explains the lack of NFkB 

activation and subsequent IL-8 production. This lack 

of an inflammatory response may contribute to the 

chronicity of infection.

The role of this coccoid form in relation to spread of 

the organism is uncertain. Some bacteria possess flagella 

(1.8) necessary for motility, or pili (fimbriae) important 

in adhesion or conjugation. The flagella of Helicobacter 
pylori are composed of two flagellin subunits: a minor 

57 kDa (FlaB) protein found below the hook assembly, 

and a major 56 kDa (FlaA) protein, which forms the 

flagella. Both proteins are post-translationally modified 

with N-acetyl pseudaminic acid. The flagellar assembly 

resembles a typical Gram-negative flagellum and requires 

about 20 structural proteins and 30 regulatory proteins. 

The tip of the flagellum in Helicobacter pylori is bulbous 

Day
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1.7 (A) Transformation of the helical to coccoid form of Helicobacter pylori. (B) Electron micrograph of the coccoid form of 

Helicobacter pylori. WB = Western blot.
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